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Abstract 
The technique of non-reciprocal optical phase modulation known from fiber gyroscopes is adapted to interrogate a polarimetric 
optical voltage sensor. The piezoelectric deformation of a transducer by an applied ac voltage is transmitted to a birefringent fiber 
resulting in a periodic phase shift of the two orthogonal polarizations of the fundamental fiber mode. A modulator at the detector 
end of the sensor introduces a nonreciprocal phase modulation of the light waves. The voltage is recovered from the first and 
second harmonics of the modulator frequency and side bands in the detected signal. 
© 2010 Published by Elsevier Ltd. 
Keywords: Voltage sensors; optical fiber sensors; polarimetric sensors. 
1. Introduction  
Optical high-voltage sensors commonly make use of the electro-optic effect in crystalline materials (bulk material 
or integrated-optic waveguides) [1, 2] or in thermally poled optical fiber [3]. Another alternative is a piezo-electric 
transducer such as a cylinder-shaped quartz crystal that is interrogated by means of an optical fiber [4]. The electro-
optic or piezo-electric effect is translated into a differential optical phase shift of two light waves with orthogonal 
polarization directions that propagate through the waveguide or the bulk material. In waveguides the interference of 
two spatial modes of the same polarization may be evaluated as another alternative [4, 5]. Simple detection schemes 
directly infer the sensor output from the optical power resulting from the interference of the light waves, but may 
suffer from shortcomings such as signal ambiguity and drift. More advanced schemes use low-coherence 
interferometry or frequency modulation techniques but are more complex [4-6]. In the present paper we adapt fiber 
gyroscope technology [7] to interrogate such voltage sensors as a novel concept. Resulting advantages include a 
relatively simple set-up, excellent scale factor and bias stability, a low noise floor, and, with closed-loop detection, a 
linear response over an extended dynamic range. Another important feature is the excellent insensitivity to external 
perturbations of the fiber lead between the detection module and the sensor head.  
2. Principle of operation 
Polarized light from a low-coherent source (superluminescent diode, 1310 nm) is coupled into the polarization-
maintaining (pm) fiber pigtail of an integrated-optic lithium niobate phase modulator such that both orthogonal 
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Fig. 1. Sensor set-up. Solid (red) and dotted (blue) arrows indicate the 
polarization directions of the light waves with respect to the slow and 
fast axis of the birefringent fiber. The latter are represented by the 
major and minor axes of the ellipse, respectively. 
Fig. 2. Piezo-optic voltage sensor for 170 kV gas-insulated switchgear: 
Quartz transducer crystal with birefringent sensing fiber (left), crystal 
housing with high voltage electrode on top [4]. 
polarization modes are exited with equal amplitude (45°-splice), Fig. 1. The two orthogonal light waves travel 
through the modulator, a connecting pm fiber and a 45°-Faraday rotator to two sections of birefringent sensing fiber 
before being back-reflected to the detection system. The slow axes of sensing fiber sections are rotated by ±45°, 
respectively, with regard to the slow axes of the connecting fiber so that the polarizations are again parallel to the 
fiber axes. The first sensing fiber section is attached to the voltage transducer. The piezoelectric deformation of the 
transducer under an applied voltage translates into a differential phase shift of the orthogonal light waves. The 
second section serves to balance the differential modal group delay and temperature-induced phase changes in the 
first section. The 45°-Faraday rotator ascertains that the two light waves return from the sensing fibers with swapped 
polarization directions. The total modal group delay is then zero so that the returning waves interfere coherently at 
the fiber polarizer. Furthermore, the polarization swapping makes the connecting fiber largely insensitive to external 
perturbations. The modulator makes use of the time delay between the forward and backward propagating waves to 
introduce a non-reciprocal modulation of the differential phase of the orthogonal waves [7]. 
With open-loop signal processing the detected signal is given as: 
^ `)sinsincos(1)2/( 0 osssmm ttVII MZIZI  . (1)
Here, Io is proportional to the source power, V is the fringe visibility, Im and Zm are the amplitude and frequency 
of the sinusoidal non-reciprocal phase modulation by the modulator, and Is, Zs describe the periodic phase 
modulation by an ac voltage on the piezoelectric transducer. The term MRs is the quasi-static phase offset of the 
modes which can be controlled by a variable dc voltage on the transducer. The quantities to be detected, Is and MRs,
are derived from the components I1, I2, and Is in the signal spectrum which appear at the first and second harmonics 
of the modulation frequency Zm and side bands with frequencies Zm ± Zs, respectively. For small phase shifts Is the 
amplitudes of I1, I2, and Is are given as )sin()(101 osmJVII MI , )cos()(202 osmJVII MI , and 
sosms JVII IMI )cos()()2/1( 10  . J1, J2 denote first and second order Bessel functions. 
It should be noted that the apparent sensitivity of the fiber sections to an external periodic perturbation slightly 
decreases along the fiber as one moves from the reflector end towards the rotator as a result of the increasing time 
delay between the forward and backward travelling light waves at a given position. With typical lengths of the fiber 
sections of a few meters and frequencies of the perturbation up to some kHz the effect is negligible for any practical 
purposes, however. 
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Fig. 3. Signal vs. transducer voltage (squares) and relative deviation 
from  linear fit (circles). 
Fig. 4. Sensor signal at constant transducer voltage vs. time. Inset: 
Relative signal variation vs. temperature of the Faraday rotator. 
Crystalline quartz is an ideal transducer material for high-voltage applications as it offers superior properties such 
as high resistivity, little temperature dependence and excellent long-term stability. A sensor for applications in SF6
gas-insulated  switchgear  is  shown  in  Fig.  2  [4].  In  the  following  we  demonstrate  the  performance  of  the  novel  
interrogation technique with the sensing fiber wound on a piezoelectric ceramic tube in order to be able to work at 
moderate voltages. Forty loops of fiber (Panda fiber) were wound on a transducer with a diameter of 30 mm and a 
wall thickness of 1.5 mm. A voltage change of about 140 V generated a differential optical phase shift of S. The 
length of the two sensing fiber sections was 5 m each. The lithium niobate modulator (half-wave voltage of 3.9 V) 
was operated at an amplitude of Im = 1.84 rad rms (maximum of J1ҞIm)) and a frequency of 163 kHz, adapted to the 
overall fiber length of about 310 m. 
3.  Results and discussion 
Fig. 3 shows signal Is (calibrated in units of rad) versus the alternating voltage Vrms applied to the transducer as 
well  as  the  relative  deviations  of  the  data  points  from a  linear  fit.  The  dc  phase  offset  MRs of the interfering light 
waves was kept at zero (modulo 2S) by maintaining the 1st harmonic signal I1 at zero. The deviations at small signals 
are consistent with the given noise level of about 7 Prad/¥Hz.  
Fig. 4 shows the stability of signal Is a constant ac transducer voltage. The signal was found to be stable within 
±0.06% over a period of several hours. The inset of Fig. 4 shows the variation in Is as a function of the temperature 
of the Faraday rotator. The signal increases at a rate of 1.1x10-4 °C-1 which is consistent with a small variation of the 
rotation angle with temperature or minor temperature dependent polarization cross-coupling. 
The interrogation technique described here may also be applied to voltage sensors based on the Pockels effect in 
electro-optic crystals such as BGO (Bi4Ge3O12). At typical voltages of high voltage substations the induced 
birefringence results in phase shifts of several multiples of 2S In order to obtain an unambiguous sensor output two 
polarimetric optical channels at quadrature (90° out of phase) have been implemented in such applications [8]. With 
non-reciprocal phase modulation the signal components at Zm and 2Zm vary as a function of voltage-induced phase 
shifts MRs in proportion to J1(Im) sin(MRs) and J2(Im) cos(MRs) (Fig. 5). Thus they may serve as quadrature signals 
without the need of an extra optical channel. The data in Fig. 5 were measured with a modulation amplitude of Im = 
1.84 rad. The two traces will have equal amplitudes if one chooses Im as 2.63 rad where J1(Im) and J2(Im) are 
identical. 
K. Bohnert et al. / Procedia Engineering 5 (2010) 1091–1094 1093
4 Author name / Procedia Engineering 00 (2010) 000–000 
-40
-20
0
20
40
Phase shift  os (rad)
Am
pl
itu
de
(m
V)
S 2S 3S
M
I  = 1.84 radm
I1
I2
Fig. 5. Experimental and theoretical signal amplitudes I1,  I2 at the 
1st and 2nd harmonic of Zm vs. voltage induced phase shift Mos with 
Im=1.84 rad. Negative amplitudes indicate a 180°-phase shift. 
4.  Conclusion 
The technique of non-reciprocal phase modulation as known from fiber gyroscopes has been adapted to 
interrogate a polarimetric optical voltage sensor using a piezo-electric transducer. The technique may also be applied 
e.g. to voltage sensors based on the electro-optic effect in thermally poled fiber and other types of polarimetric 
sensors such as sensors for hydrostatic pressure or strain. The present investigations were done with simple open-
loop signal processing. A closed-loop circuit as implemented in high performance fiber gyroscopes would further 
enhance the dynamic range of the sensor. In sensors with particularly large induced birefringent phase shifts 
(corresponding to several multiples of 2S) the availability of two signals at quadrature in a single optical channel 
(distinguished by their carrier frequencies) allows one to generate an unambiguous sensor output in a simple 
arrangement. This is of interest e.g. to electro-optic voltage sensors operated at several 100 kV.  
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